Tripterygium wilfordii (Celastraceae) is a medicinal plant with anti-inflammatory and immunosuppressive properties. Identification of a vast array of unusual sesquiterpenoids, diterpenoids and triterpenoids in T. wilfordii has spurred investigations of their pharmacological properties. The tri-epoxide lactone triptolide was the first of many diterpenoids identified, attracting interest due to the spectrum of bioactivities. To probe the genetic underpinning of diterpenoid diversity, an expansion of the class II diterpene synthase (diTPS) family was recently identified in a leaf transcriptome. Following detection of triptolide and simple diterpene scaffolds in the root, we sequenced and mined the root transcriptome. This allowed identification of the root-specific complement of TPSs and an expansion in the class I diTPS family. Functional characterization of the class II diTPSs established their activities in the formation of four C-20 diphosphate intermediates, precursors of both generalized and specialized metabolism and a novel scaffold for Celastraceae. Functional pairs of the class I and II enzymes resulted in formation of three scaffolds, accounting for some of the terpenoid diversity found in T. wilfordii. The absence of activity-forming abietane-type diterpenes encouraged further testing of TPSs outside the canonical class I diTPS family. TwTPS27, close relative of mono-TPSs, was found to couple with TwTPS9, converting normal-copalyl diphosphate to miltiradiene. The phylogenetic distance to established diTPSs indicates neo-functionalization of TwTPS27 into a diTPS, a function not previously observed in the TPS-b subfamily. This example of evolutionary convergence expands the functionality of TPSs in the TPS-b family and may contribute miltiradiene to the diterpenoids of T. wilfordii.
INTRODUCTION
Tripterygium wilfordii is a perennial twining shrub of the Celastraceae family widely used in traditional Chinese medicine (Helmst€ adter, 2013) . Among modern therapeutic uses of T. wilfordii are treatments for autoimmune diseases such as rheumatoid arthritis and systemic psoriasis (Liu et al., 2013; Wu et al., 2015) . Much of the observed bioactivity can be attributed to the presence of triptolide (5), a labdane-type diterpenoid and powerful immunosuppressant (Brinker et al., 2007; Liu et al., 2013) . In addition, many of the other related diterpenoids naturally present in this species, as well as several semi-synthetic derivatives, are of interest for their bioactive properties (Duan et al., 1999; Chugh et al., 2012; Wong et al., 2012) .
The pharmaceutical potential of T. wilfordii diterpenoids has spurred interest in the development of methods for their sustainable and reliable production, particularly given the generally low content of these metabolites, slow growth rate, and the restricted habitat of this species (GBIF, 2016) . While cell culture systems and total synthesis have been investigated as sources of T. wilfordii bioactive terpenoids (Kutney et al., 1981; Zhang et al., 2014; Camelio et al., 2015) , an attractive alternative yielding access to bioactive terpenoids is the metabolic engineering of microorganisms for heterologous production (Paddon et al., 2013) . This approach may ultimately offer economic and environmental benefits, but requires functional knowledge of the biosynthetic pathways of the target molecules.
The majority of T. wilfordii diterpenoids belong to the labdane-related class, with six distinct scaffolds identified to date: abietanes, abeo-abietanes (i.e. re-arranged abietanes), manoyl oxide, pimaranes, kauranes and bicyclic labdanes ( Figure 1 ; Takaishi et al., 1997; Brinker et al., 2007) . Triptolide belongs to the abeo-abietanes, and is structurally exceptional with three epoxides, one lactone function and a total of nine chiral centers ( Figure 2c ; Kupchan et al., 1972) . It was the first diterpenoid identified of the abietane class with a characteristic rearranged (4?3) abeo-abietane scaffold (Figure 1 ). The biosynthetic pathway is well established for labdane-related diterpenoids in angiosperms (Peters, 2010; Zi et al., 2014; Zerbe and Bohlmann, 2015) and proceeds via a two-step process catalyzed by sequentially acting diterpene synthases (diTPSs). The linear precursor, geranylgeranyl diphosphate (GGPP) is first cyclized by a class II diTPS to give the characteristic bicyclic decalin core of labdanes ( Figure 1 ) and, depending on specific enzyme activity, results in copalyl diphosphate (CPP), stereospecific isomers thereof or hydroxylated variants, such as labda-13-en-8-ol diphosphate (LPP; Peters, 2010) . The active site of class II diTPSs houses a functionally essential DxDD motif with the second aspartate involved in protonation of the substrate (Prisic et al., 2007; K€ oksal et al., 2011) . The products of class II diTPSs are further converted by class I diTPSs affording dephosphorylated bi-, tri-or tetra-cyclic diterpene scaffolds (Peters, 2010) . Unlike class II diTPSs, the active site of class I diTPSs (like mono-and sesqui-TPSs) harbors a conserved DDxxD motif involved in binding of Mg 2+ (Gao et al., 2012) . Angiosperm TPSs can be divided into six subfamilies: TPS-a, -b, -c, -e/f, -f and -g (Bohlmann et al., 1998; Dudareva et al., 2003; Chen et al., 2011) . The TPS-c subfamily is specific for class II diTPSs, and all reported angiosperm class I diTPSs with a function in labdanerelated diterpene formation reside within the TPS-e/f subfamily. Founding members of the TPS-c subfamily are copalyl diphosphate synthase (CPS) and likewise ent-kaurene synthase (EKS) for TPS-e/f, involved in formation of gibberellin diterpene phytohormones. Terpene synthases of the leaf transcriptome in T. wilfordii were recently investigated (Zerbe et al., 2013) , leading to the identification of five candidate genes for diterpenoid biosynthesis, of which, notably, only one was of the class I type (TwTPS2). These candidates were functionally characterized in a subsequent study, and TwTPS2 was found to only couple with one other TPS of T. wilfordii, the class II labda-13-en-8-ol diphosphate synthase TwTPS21/LPS, to form 13R-ent manoyl oxide (9; AndersenRanberg et al., 2016) . This indicated that undiscovered diTPSs remain in T. wilfordii. The recent demonstration that both the simple diterpene scaffold and the final functionalized diterpenoid are present in the root of Coleus forskohlii led to the discovery of the first two biosynthetic steps towards forskolin (Pateraki et al., 2014) . Here, applying the same approach after the analogous detection of several simple abietane-type diterpenes and triptolide in the root of T. wilfordii, we specifically targeted the transcriptome of the root for discovery of additional candidate TPSs involved in the biosynthesis of diterpenoids in T. wilfordii. We detected expansions in both class II and class I diTPS families. Pairing of heterologously expressed members of the TPS-c subfamily and TPS-e/f subfamilies for functional testing both in vitro and transiently in Nicotiana benthamiana identified class II and class I diTPSs yielding diterpenes with kaurane and manoyl oxide scaffolds. Two of the class II diTPSs could not be functionally coupled with diTPSs of class I, indicating that the corresponding class I diTPSs may have been missed. Inspired by the evolutionary substrate flexibility of angiosperm TPSs, for example the independent emergence of diTPS functionality in class I TPS-a mostly consisting of sesqui-TPSs (Chen et al., 2011) , we extended our screening for class I diTPSs of labdane-related metabolism beyond the canonical TPSe/f subfamily. We identified a functional class I diTPS in the monoterpene synthase TPS-b subfamily, which converts the class II diTPS product, normal-CPP, to the abietane scaffold, miltiradiene, which we detected in the roots of T. wilfordii. This finding provides a biosynthetic entry point to the large number of bioactive abietane-type diterpenoids in T. wilfordii, that can be exploited in future pathway discovery efforts and biotechnological applications.
RESULTS
Detection of root-specific simple abietanes and triptolide in Tripterygium wilfordii
As the major abietane diterpenoid with pharmaceutical potential reported from T. wilfordii Figure 2c and d). These values are in the range of those earlier reported and show a similar distribution across tissues (Brinker and Raskin, 2005; Luo et al., 2007) . To identify potential early intermediates in the pathways leading to highly modified diterpenoids such as triptolide, hexane extracts of the different organs were analyzed by gas chromatography-mass spectrometry (GC-MS). Four diterpenes with mass spectra characteristic of abietanes were detected in the root extracts (Figure 2a and b) . The most abundant diterpenes, dehydroabietadiene (1) and miltiradiene (2), were identified by comparison with mass spectra and retention time of authentic standards. These diterpenes have not previously been detected in roots of T. wilfordii. The mass spectra of 3 and 4 showed similarity to ferruginol and its 2-keto form, hinokione, both previously reported in T. wilfordii (Brinker et al., 2007) . Scaffolds of kauranes, manoyl-oxides, pimaranes or bicyclic labdanes were not detected in any tissue.
Identification of multiple Tripterygium wilfordii TPSs in the root transcriptome Accumulation of several putative diterpenoid precursors and the more complex diterpenoid triptolide in the root of T. wilfordii encouraged generation of an organ-specific transcriptome library complementing the earlier reported leaf-specific transcriptome library (summarized in Table S1 ; Zerbe et al., 2013) . Transcripts of TPS candidates were identified through homology-based searches of the root transcriptome. Full-length cDNA sequences were obtained for 17 candidate TPSs from either root or leaf cDNA, including possible homologues of those reported earlier (Andersen-Ranberg et al., 2016) . The presence of the characteristic DxDD motif indicated that three members were class II diTPSs while the 14 remaining candidates contained the DDxxD motif (or DDxxG in the case of TwTPS11), distinctive of class I enzymes. Phylogenetic analysis of the translated T. wilfordii TPS coding sequences placed the three predicted class II diTPSs, TwTPS3, TwTPS9 and TwTPS10, in the TPS-c clade where they clustered with the previously characterized genes TwTPS7/CPS, kolavenyl diphosphate synthase TwTPS14/ KPS, TwTPS28/KPS and TwTPS21/LPS (Figure 3 ). Members of this T. wilfordii class II TPS family show a high level of sequence homology, particularly the pair of TwTPS9/CPS and TwTPS7/CPS, besides TwTPS14/KPS, TwTPS21/LPS and TwTPS28/KPS may include allelic variants at close to 99% sequence identity. Of the class I TPS candidates, an apparent bloom yielding three closely related sequences, TwTPS16, TwTPS17 and TwTPS18, clustered in the TPS-e/f clade together with TwTPS2. TwTPS2 and TwTPS16 share 98% sequence identity, again suggesting they are allelic variants. A single TPS, TwTPS29, fell in the TPS-g subfamily, the members of which are typically involved in the biosynthesis of acyclic terpenes (Chen et al., 2011) . TwTPS11, TwTPS12, TwTPS13 and TwTPS20 were found within the TPS-a subfamily, which includes members with diverse activities and products derived from C-10, C-15 and C-20 precursors. A total of six TwTPSs (TwTPS22-27) were found within the mono-TPS-rich TPS-b subfamily. While TwTPS24, TwTPS25 and TwTPS26 formed a small cluster here, TwTPS23, TwTPS22 and TwTPS27 nested closer to sequences from other species (Figure 3 ).
Functional characterization of TPS-c and TPS-e/f candidates
To study the capacity of the identified TPSs to form labdane-related diterpenes, diTPS candidates of clades TPS-c and TPS-e/f were functionally characterized by heterologous expression in planta. cDNA sequences encoding fulllength TPSs were transiently expressed in N. benthamiana leaves through agroinfiltration, as single enzymes, or in combinations of class II and class I enzymes ( Figures S1-S5 ). To validate the in planta results, the activity of diTPSs was investigated independently through in vitro assays with recombinant pseudo-mature variants expressed and purified from Escherichia coli ( Figures S2-S5 ).
Transient expression of the class II diTPS, TwTPS3/CPS, in combination with TwTPS16 resulted in the formation of ent-kaur-15-ene (6), ent-kaur-16-ene (7) and 16-hydroxyent-kaurane (8) as identified by comparison to the known products of PpCPS/KS ( Figure S2 ; Hayashi et al., 2006; Zhan et al., 2015) . The same products were earlier identified by mass spectrum library searches for the close homolog of TwTPS16, TwTPS2, when this was co-expressed with the reference ent-CPP synthase ZmAN2 from Zea mays (Harris et al., 2005; Andersen-Ranberg et al., 2016) . Specific formation of 7 was observed when TwTPS3/CPS was combined with either TwTPS17 or TwTPS18. However, detection of the dephosphorylated intermediate observed for the latter pair may indicate sub-optimal coupling between TwTPS3/CPS and TwTPS18 ( Figure S2 ). The same product profiles were observed when TwTPS16, TwTPS17 and TwTPS18 were coupled with ZmAN2, supporting that TwTPS3/CPS and ZmAN2 are functionally equivalent (Figure S2) . Expression of TwTPS3/CPS or ZmAN2 alone resulted in formation of a diterpene with identical retention time and mass spectrum ( Figure S2 ), establishing a function of TwTPS3/CPS as an ent-CPP synthase. In vitro assays of the T. wilfordii enzymes confirmed the observed in planta results ( Figure S2 ).
TwTPS21/LPS has previously been functionally characterized as a (5R,8S,9S,10S)-labda-13-en-8-ol diphosphate synthase (ent-LPPS; Andersen-Ranberg et al., 2016) . When TwTPS21/LPS was expressed alone in N. benthamiana, two diterpenes, (13S)-ent-manoyl oxide (9) and (13R)-entmanoyl oxide (10), were observed in equal proportions ( Figure S3 ). These products are likely the result of nonenzymatic rearrangement after dephosphorylation by endogenous N. benthamiana enzymes (supported by in vitro assays after treatment with alkaline phosphatase; Figure S3 ). Coupling of TwTPS21/LPS with either TwTPS16 or TwTPS17 resulted in exclusive formation of ent-manoyl oxide in (13R)-configuration (10), consistent with previous results with the pair of TwTPS21/LPS and TwTPS2 (Andersen- Ranberg et al., 2016) . Coupling of TwTPS21 with TwTPS18 also afforded 10 with traces of 9 detected. Again, in vitro assays confirmed the observed enzymatic activities in N. benthamiana ( Figure S3 ).
The ability of TwTPS16, TwTPS17 and TwTPS18 to accept LPP in the normal configuration was tested by combining them in planta with the normal-LPP synthase Condensed maximum likelihood tree of T. wilfordii candidate TPSs (shown in bold), previously characterized T. wilfordii diTPSs (not in bold), and representative functionally characterized angiosperm TPSs of clades TPS-c, TPS-e/f, TPS-f, TPS-a, TPS-g and TPS-b, rooted with the bifunctional ent-CPP/ent-kaurene synthase from Physcomitrella patens, PpCPS/KS. Branches with a bootstrap support below 75% in a test with 1000 repetitions were collapsed. Depicted to the right are typical substrates (GGPP, geranylgeranyl diphosphate; FPP, farnesyl diphosphate; GPP, geranyl diphosphate; IPP, isopentenyl diphosphate) for enzymes of each clade (in representative order) and associated carbon chain lengths of enzymatic products. Also shown is the structure of copalyl diphosphate (CPP), representative enzymatic product of TPS-c members. CPP is a prototypical substrate for members of the TPS-e/f clade in formation of dephosphorylated diterpene scaffolds. Genbank accessions and descriptions are listed in Table S2 .
CfTPS2 from C. forskohlii (Pateraki et al., 2014) . When expressed alone in planta, this enzyme yields a racemate of (13R)-normal-manoyl oxide (11) and (13S)-normal-manoyl oxide (12; Andersen-Ranberg et al., 2016) . When TwTPS16, TwTPS17 or TwTPS18 were assayed with CfTPS2, no change in the ratio of these products was observed, suggesting that normal-LPP is not accepted by these diTPSs ( Figure S3) .
Expression of the class II diTPS TwTPS10 in planta, alone and with the class I enzyme of Salvia sclarea SsSCS, afforded the same product profiles as previously characterized from this species, TwTPS14/KPS ( Figure S6 ; Andersen-Ranberg et al., 2016). Comparison of the molecular weight and mass spectrum of 14, the major product of the singly expressed TwTPS10/KPS, with previously reported data suggests that it is the clerodane-type diterpene kolavenol (14), resulting from non-specific hydrolysis of kolavenyl diphosphate (Nakano et al., 2015) . The mass spectrum of 13 showed high similarity to 14, and the molecular weight indicated loss of water from this diterpene scaffold ( Figure S6 ). We did not pursue further structural analysis of 13. In the combination of TwTPS10/KPS with SsSCS, kolavelool (15) represented the dominant peak, with traces of 13. None of the class I diTPS candidates was found to couple functionally with TwTPS10/KPS ( Figure S4 ).
The product profile of TwTPS9/CPS in planta was identical to that of the previously characterized and closely related normal-CPS, TwTPS7/CPS ( Figure S4 ; AndersenRanberg et al., 2016) . While dephosphorylated enantiomeric ent/normal-CPP are not distinguished by the GC-MS method applied here, no coupling was observed between TwTPS9/CPS and the ent-CPP accepting class I diTPSs of TPS-e/f, TwTPS16, TwTPS17 or TwTPS18 ( Figure S4 ), supporting a function of TwTPS9/CPS as a normal-CPP synthase.
A novel diTPS detected in clade TPS-b
Despite the detection of several abietanes in root tissue, no enzymatic combination of candidate diTPSs tested here yielded abietane-type diterpenes. This led us to assess the potential role of class I TPSs outside of the TPS-e/f subfamily in formation of T. wilfordii abietane-, or abeo-abietanetype diterpenoids.
Single enzyme assays in planta yielded tentative assignment of five candidates as sesqui-TPSs (TwTPS22, TwTPS13, TwTPS12 and TwTPS20 from the TPS-a subfamily, and TwTPS29 from the TPS-g subfamily; Figure S7 ), and revealed a lack of apparent GGPP turnover for the remaining candidates (TwTPS23-27 of TPS-b and TwTPS11 of TPS-a; Figure S1 ). As mono-TPS activity is typical for the TPS-b clade, in planta assays of candidates TwTPS23-27 were further analyzed using headspace-SPME-GC-MS to screen for volatile organic compounds. This resulted in detection of putative monoterpene products for TwTPS23, TwTPS24 and TwTPS26, based on their characteristic mass, retention time and fragmentation pattern (Figure S8) , leaving candidates TwTPS25, TwTPS27 and TwTPS11 with no evident activity. We proceeded to test whether these three class I TPS candidates functionally couple in planta with any of the four class II diTPSs ( Figures S2-S5) .
Indeed, the combination of the TPS-b clade member TwTPS27 with TwTPS9/CPS or the reference normal-CPP synthase CfTPS1 resulted in near complete conversion of the class II product to the abietane-type diterpene, miltiradiene (2; as identified by comparison with an authentic standard; Figures 4a and S5) . The non-enzymatic aromatization product of 2, dehydroabietadiene (1), was also observed, as previously established (Zi and Peters, 2013) . This activity was found in both in planta and in vitro experiments, establishing TwTPS27 as a non-conventional member of the TPS-b clade with the capacity to cyclize normal-CPP, an enzymatic activity otherwise limited to the TPS-e/f clade in angiosperms. Furthermore, TwTPS27 resulted in a product shift when co-expressed with the ent-LPP synthase TwTPS21/LPS to favor formation of 9, while also coupling with the normal-LPP synthase CfTPS2 to form almost exclusively 11 ( Figure S3 ). On the other hand, TwTPS27 did not catalyze conversion of CPP in ent-configuration or of kolavenyl diphosphate ( Figures S2 and S4) .
Overall, our in planta and in vitro assays showed that nine diTPSs identified from roots of T. wilfordii produced six distinct labdane-related diterpenes and the class II diTPS-product kolavenyl diphosphate (Figure 4b ). The unusual class I diTPS of TPS-b, TwTPS27, contributed to this diterpene diversity by catalyzing the formation of miltiradiene (2), when coupled with TwTPS9 (Figure 4a ).
Tripterygium wilfordii diTPSs have partially overlapping expression patterns in the root and are differentially expressed in aerial organs
To test whether accumulation of specific diterpenes in T. wilfordii correlated with gene expression levels of the functional diTPSs, the relative transcript level was determined by quantitative reverse transcription polymerase chain reaction (PCR) across all established tissues. Transcripts of TwTPS9/CPS and TwTPS7/CPS (inseparable due to high sequence identity) and TwTPS27 were detected in roots (Figure 5 ), supporting a possible role in formation of miltiradiene (2) and dehydroabietadiene (1) in this tissue.
Transcripts of the kolavenyl diphosphate synthase TwTPS10/KPS, the ent-CPP synthase TwTPS3/CPS and the ent-kaur-(ene/anol) synthases TwTPS16-18 (inseparable due to high sequence identity) were found to accumulate across all four tissues ( Figure 5 ). In mature leaves, transcripts of TwTPS10/KPS and TwTPS3/CPS were found at relatively low levels, and for unknown reasons transcripts of TwTPS21/LPS were not detected in any of the tissues.
TwTPS27 has diversified from TPS-b members
Given the non-conventional function of TwTPS27 as a TPSb member, we investigated the sequence and evolutionary relationship of TwTPS27 in greater detail. Phylogenetic analysis revealed that within an old subclade of acyclic monoterpene producers represented by LcTPS1 of the basal angiosperm Litsea cubeba (family Lauraceae, also included in a broader TPS-B phylogeny by Sharkey et al., 2013) , TwTPS27 is distantly related to all included relatives (Figure 6a ). The selected sequences were among the best hits before LcTPS1 in a homology-based search of the non-redundant protein sequence database at NCBI. Furthermore, TwTPS27 shares only five amino acids in the TPS-b N-terminal RRx 8 W motif of the otherwise highly conserved positions in the closest relatives (Figure 6b) . We extended our analysis to investigate if positive selection was detectable specifically along the branch to TPS27 when compared with the remaining branches. For this, we compared the Branch-site models in CodeML that assign two branch types (a predefined foreground branch, here TwTPS27, and the remaining background branches) with site models for a best fit to the data. Branch-site model B presented the best fit to the data, and did not assign positive selection, i.e. a dN/dS (x) ratio higher than 1, to any . GC-MS analysis of TwTPS9/CPS and TwTPS27 assay product and schematic summary of enzymatic activities of identified Tripterygium wilfordii diterpene synthases.
(a) GC-MS analysis of hexane extracts of in vitro enzyme and in planta assays and of T. wilfordii root tissue. A miltiradiene standard was analyzed in parallel. In coupled assays of TwTPS9 and TwTPS27 miltiradiene (2) and dehydroabietadiene (1) were detected. p19 is a control assay using the gene-silencing suppressor protein, p19, with CfDXS and CfGGPPS in Nicotiana benthamiana (used in all in planta diterpene assays).
(b) Schematic illustration of the enzymatic activity of T. wilfordii class II and class I diTPSs, showing substrates and diterpene products. Formation of 1 is a result of non-enzymatic aromatization of 2, observed under our experimental conditions. No enzyme capable of converting the kolavenyl diphosphate product of TwTPS10/KPS was found in T. wilfordii. The ent-kaur-16-ene (7) product of TwTPS17 and TwTPS18 was also formed by TwTPS16 as indicated by the boxed number of the structure.
site in TwTPS27. The model did, however, detect a proportion (11% of sites) to be under near to neutral selection (i.e. x % 1) in TwTPS27 (x 2 = 0.90) in contrast to strong purifying selection in background branches (x 0 = 0.05). This suggests that some residues of TwTPS27 have had a stronger tendency to change in the course of evolution than corresponding residues of the other included TPSs.
DISCUSSION
Since the discovery of the immunosuppressant and anticancer activity of triptolide, multiple studies have reported a diverse array of terpenoids from T. wilfordii and established their equally diverse bioactivities (Takaishi et al., 1997; Brinker et al., 2007; Wong et al., 2012) . Our study focused on the transcriptome of the roots of this plant, after discovery of several simple diterpene scaffolds in this tissue and verification of the accumulation of the highly functionalized diterpene, triptolide. To better understand the molecular basis of this complex terpenoid metabolism, we developed a root transcriptome library that we mined for TPSs, searching in particular for enzymes involved in diterpenoid metabolism. Expansions were detected in both prototypical subfamilies of labdane-related diTPSs, TPS-c (class II) and TPS-e/f (class I). Members of these clades are involved in all higher plants in the metabolism of gibberellin phytohormones through formation of ent-CPP and ent-kaurene, respectively. Typically, expansions in those families are associated with acquired functions in specialized metabolism (Zerbe et al., 2013) . Testing of the candidates of TPS-c and -e/f revealed enzyme combinations of the ent-CPP synthase TwTPS3/CPS with TwTPS17 or TwTPS18 that formed entkaur-(16)-ene (7), the structural scaffold of gibberellin phytohormones. The combination of TwTPS3/CPS with TwTPS16 led in addition to the formation of ent-kaur-(15)-ene (6) and 16-hydroxy-ent-kaurane (8), as previously reported formed from ent-CPP by TwTPS2 (Andersen-Ranberg et al., 2016). Compounds 6 and 8 are structurally incompatible for further conversion into gibberellins and represent scaffolds of higher functionalized specialized metabolites in T. wilfordii (Brinker et al., 2007) . On the other hand, activity of the class II enzyme TwTPS21/LPS with TwTPS16-18 yielded (13R)-ent-manoyl oxide (10) establishing additional routes to this diterpene scaffold in T. wilfordii (Mafu et al., 2015) . Although we did not detect manoyl oxide or higher functionalized derivatives thereof, diterpenoids with this scaffold have previously been isolated from roots of T. wilfordii (Duan et al., 1999 (Duan et al., , 2001 ). The capacity of TwTPS16, TwTPS17, TwTPS18 and TwTPS2 to accept the two substrates, ent-CPP and ent-LPP (provided by TwTPS3/CPS and TwTPS21/LPS, respectively) plausibly represents the enzymatic basis for ent-kaurene, ent-kauranol and (13R)-ent-manoyl oxide scaffolds in T. wilfordii, while TwTPS27 may contribute (13S)-ent-manoyl oxide to the chemical diversity (Figure 4b) .
The partial functional redundancy and the emerging novel functions of T. wilfordii TPS-e/f class I diTPSs are, together with a high degree of sequence identity (95-98%), consistent with recent gene duplication(s) giving rise to the T. wilfordii cluster in this subfamily. On the other hand, allelic variation at relevant gene loci may contribute to the number of different clones obtained.
The inability of TwTPS16-18 to convert the products of the class II diTPSs TwTPS9/CPS and TwTPS10/KPS, prompted us to extend the heterologous screen for downstream acting class I diTPSs beyond the TPS-e/f subfamily. Here, coupling of the TPS-b member TwTPS27 with TwTPS9/CPS resulted in the formation of the abietane-type TwTPS# = identified in current study TwTPS# = previously characterised by Andersen-Ranberg et al. 2016 scaffold miltiradiene (2). In agreement with our root-specific detection of several abietanes in T. wilfordii, including 2 and dehydroabietadiene (1), we detected root-specific transcript accumulation for these diTPS. Consequently, we suggest that TwTPS27 and TwTPS9/CPS (and the functionally equivalent TwTPS7/CPS) catalyze the first committed step in the biosynthesis of abietane diterpenoids in roots of T. wilfordii. Although there is no precedent for angiosperm diTPSs in labdane-related metabolism outside the TPS-e/f subfamily, there is evidence for evolutionary substrate flexibility within the plant TPS family (Chen et al., 2011) . Examples include several class I diTPSs found in the subfamily TPS-a that form non-labdane-related macrocyclic diterpenes from GGPP. Representative diTPSs such as the casbene and cembratrien-ol synthase (Mau and West, 1994; Wang and Wagner, 2003) have gained plastid targeting signals and changed substrate specificity to functionally diverge from the large group of TPS-a sesqui-TPS (Chen et al., 2011) .
The TwTPSs found in the TPS-c and TPS-e/f subfamilies cluster together, indicating a common, recent origin. In contrast, the TwTPSs of the TPS-b appear to have arisen from at least three different events that predate the speciation of T. wilfordii: with the exception of three TwTPSs that cluster together, the remainder are more closely related to TPSs from other species. Interestingly, TwTPS27 was found to cluster within a subclade of acyclic monoterpene producers (Figures 3 and 6a) . The presence of a TPS from a basal angiosperm in this subclade links this group to an early branch point in the TPS-b clade (Sharkey et al., 2013) . The observed overall sequence diversification of TwTPS27 from the TPS-b subfamily may be associated with the acquisition of the new function for the enzyme. Presumed positive selection associated with adaptation of a new function for TwTPS27 may have occurred sufficiently long ago for expected subsequent purifying selection to mask it in our Branch-site model analysis, which instead identified sites under relaxed constraints compared with background. Variation in the RRx 8 W motif as in TwTPS27, and loss of the tandem arginine motif, highly conserved in mono-TPS of TPS-b critical for isomerization and cyclization of GPP, is frequently observed in sesqui-and diTPS (Chen et al., 2011; Srividya et al., 2015) . Indeed, the absence of mono-TPS activity supports neo-functionalization of TwTPS27, accepting the bicyclic substrates normal-CPP and to some degree ent-LPP, but not the acyclic geranyl diphosphate (GPP; Figure 3 ). It appears plausible that this activity of TwTPS27, which it shares with several members of the remote TPS-e/f subfamily, represents a case of functional reversion, as it was suggested that all modern mono-and sesqui-TPSs have evolved from ancestral diTPSs (Chen et al., 2011) . Future elucidation of the structural basis of this intriguing phenomenon could reveal whether the function of TwTPS27 represents a rare evolutionary case or if equivalent substrate alteration may be more common across the plant kingdom in the TPS-b subfamily. Notably, the characteristic features of TwTPS27 (i.e. increased sequence dissimilarity and partial loss of the RRx 8 W motif) may provide guidance for identification of additional neofunctionalized members of TPS-b in other plant species.
No class I diTPS was found that could accept the product of TwTPS10/KPS, providing additional evidence that diTPSs Table S2 . VvPNRLin, Vitis vinifera and LcTPS1, Litsea cubeba have been characterized as linalool synthase and trans-ocimene synthase, respectively (Chang and Chu, 2011; Martin et al., 2010) . remain undetected. In a combinatorial study combining diTPS in non-native modules, the product of TwTPS14/KPS was recently probed by coupling with the highly promiscuous class I SsSCS, resulting in formation of the (4?5; 10? 9) re-arranged clerodane-type diterpenoid, kolavelool (Andersen-Ranberg et al., 2016) . This implies a role of the functionally equivalent homolog identified here, TwTPS10/ KPS, in formation of kolavenyl diphosphate. In contrast to the abundant examples of rearranged (4?3) abeo-abietanes such as triptolide in T. wilfordii, diterpenes with a clerodane scaffold have not been reported in this species or the Celastraceae more broadly. An overall low expression level of TwTPS10/KPS and predominant accumulation of transcripts in the stem, a tissue outside of the focus of most previous studies, may have precluded identification of diterpenoids of this characteristic scaffold.
Our study established routes to diterpene scaffolds of kaurane, manoyl oxide, miltiradiene and an intermediate of possible clerodane diterpenes in T. wilfordii. The evolution of the intriguing chemical diversity in labdane-related diterpenoid metabolism of this plant appears highly dynamic and involved recruitment of a member of the TPS-b subfamily. Evolutionary independent events that predate speciation of T. wilfordii and very recent events likely contribute to the emergence of different classes of diterpene scaffolds. Based on metabolites identified from T. wilfordii, dehydroabietic acid was earlier suggested as a possible intermediate en route to abeo-abietanes (Kutney and Han, 1996) . With no diTPSs identified yielding the (4?3) abeo-abietane scaffold of triptolide, such a route via dehydroabietadiene and dehydroabietic acid with miltiradiene as a starting point appears possible. The apparent root specificity of miltiradiene and its biosynthetic enzymes remains intriguing, considering the broad distribution of (4?3) abeo-abietanes, including triptolide, in various organs of T. wilfordii.
EXPERIMENTAL PROCEDURES Plant material
Tripterygium wilfordii was obtained from Plantentuin Esveld (NL) and grown under greenhouse conditions at a day length of minimum 11 h and a temperature of minimum 12°C. Samples of root, green stem, young-and mature leaf were harvested from three individual plants, and tissues were ground in liquid nitrogen and stored at À80°C until use. Young leaves appeared light green and were situated within 30 cm of the tip of actively growing, nonwoody twigs. Mature leaves showed a zone of senescence at the tip and otherwise a dark green coloration.
Transcriptome sequencing
Tripterygium wilfordii root total RNA was extracted as described previously (Pateraki et al., 2014) . RNA was prepared for sequencing using Illumina TruSeq sample preparation kit v2 (Illumina San Diego, USA), using poly-A selection. The fragments were clustered on cBot and sequenced with paired ends (2 9 100 bp) on a HiSeq 2500 (Illumina San Diego, USA), according to the manufacturer's instructions. A total 106 million read-pairs were generated. Adaptor sequences were removed from raw reads and reads were trimmed at the ends to phred score 20, using the fastq-mcf tool from ea-utils (https://github.com/ExpressionAnaly sis/ea-utils). Processed reads were assembled using Trinity (r2013-02-16), resulting in a total of 105 556 assembled putative transcripts. Transcript abundance estimation was performed using RSEM and the scripts provided with Trinity. Likewise, the putative coding sequences were predicted using the TransDecoder scripts from Trinity. A table summarizing basic features of the transcriptome library is given in Table S1 .
Identification and cloning of candidate genes involved in Tripterygium wilfordii terpenoid biosynthesis
Mining of the T. wilfordii root transcriptome was performed as previously described (Zerbe et al., 2013) . The identified contigs were amplified from single-stranded cDNA generated from root total RNA using the 'SuperScript III First-Strand Synthesis System for RT-PCR' (Invitrogen, Paisley, UK) and an oligo-dT 22 V primer. Putative TPS cDNAs were subcloned and sequence verified (pJET1.2, Thermo Fisher, Slangerup, Denmark) with the exception of TwTPS10, which was cloned directly into pCAMBIA130035Su via USER cloning. The cloning procedure for the previously described TwTPS21/LPS was described earlier (Andersen-Ranberg et al., 2016) . Oligonucleotides are given in Table S3 .
Phylogenetic analysis of the Tripterygium wilfordii TPS gene family
Amino acid sequences of the TPS and representative functionally characterized TPSs from other plant species were used to construct a phylogenetic tree and to infer their classification in the characteristic clades (Chen et al., 2011) . Accession numbers of sequences as retrieved from GenBank (http://www.ncbi.nlm.nih. gov/) are given in Table S2 .
Amino acid sequences were aligned in MEGA 6.06 (Tamura et al., 2013) using Muscle with a gap open penalty of 3, a gap extension penalty of 2, a hydrophobicity multiplier of 2 and otherwise default settings. The alignment was manually refined, trimmed to remove terminal gaps, and truncated N-terminally to disregard plastid target signals and ɣ-domains, hereby obtaining sequences similar in length. A maximum likelihood tree with a site coverage cutoff of 90% was curated also using MEGA 6.06 with 427 positions in the final dataset. The Jones-Taylor-Thornton with frequency substitution model and a gamma distribution with five discrete gamma categories were applied. The tree was tested by bootstrapping with 1000 repetitions and visualized condensed (cutoff of 75%) rooted with PpCPS/EKS. An identical topology was observed in an independent phylogenetic analysis with ɣ-domain included.
Accession numbers and abbreviations of TPSs used in the phylogenetic analysis of the subclade associated with formation of acyclic monoterpenes are given in Table S2 . Coding sequences were aligned at the codon level at wasabi.org using PRANK (with five iterations) and the multiple sequence alignment was manually curated. A maximum likelihood tree was generated with MEGA 6.06 (1000 bootstrap repetitions; General Time Reversible model; gamma distributed with five categories and invariable sites; site coverage cutoff 90%; SPR level 5; weak Branch Swap Filter). Positive selection only at sites in TwTPS27 was investigated with CodeML from the PAML software package, version 4.9b, using the pamlX1.3.1 graphical user interface (Yang, 2007) . The codonbased phylogeny of the subclade and associated multiple alignment (considering sites with 100% coverage; 16% of full-length TwTPS27 disregarded) was used as input. Branch-site models A (NSsite = 2) and B (NSsite = 3) both under codon model 2 in CodeML assign two branch types each (foreground and background; Yang and Nielsen, 2002) . The foreground branch was defined as the end-branch to TwTPS27, and remaining branches defined the background. Codon frequencies F3X4 were chosen, and otherwise default settings were applied. Branch-site models A and B were next compared by likelihood ratio tests (Yang, 1998) with site models under codon model 0, M1 (NSsites = 1) and M3 (K = 2; NSsites = 3), respectively. Of all tested models, Branch-site model B showed a log-likelihood closest to zero and performed significantly better than the comparable site model M3 with K = 2 (2Dl = 34.4 and P = 3.4E-8; Zhang et al., 2005) . Branch-site model B was therefore considered the model describing the data best. The sequence logo and graphical representation of the RRx 8 W motif were generated with WebLogo 2.8.2 and default parameters (http://weblogo.berkeley.edu/; Crooks et al., 2004) , the alignment of the motif was visualized with Bioedit 7.2.5.
RNA extraction and quantitative real-time (qRT)-PCR
Total RNA from the root of T. wilfordii was extracted, quality tested and used for cDNA synthesis as previously described (Pateraki et al., 2014) . qRT-PCR reactions were performed with genespecific primers (Table S3 ) and a Maxima SYBR Green/Fluorescein qPCR Master Mix (Fermentas) on a Rotor-Gene Q cycler (Qiagen) using the following cycling parameters: 95°C for 7 min (enzyme activation), 35 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for 30 sec followed by a melting curve cycle from 60°C to 90°C. The transcript of the polypyrimidine tract-binding protein (PTB) was used as reference genes as it showed the lowest variation across different tissues. Relative transcript abundance was calculated as the mean of three biological replications (three different plants) in three technical replicates. Amplification efficiency was calculated with the 'Real Time PCR Miner' (http://www.miner.e windup.info/Version2). Efficiency-corrected DCT values were used to quantify relative differences in target gene transcript accumulation. Reaction specificity was confirmed by dissociation curves and sequence verification of representative products.
Functional characterization of Tripterygium wilfordii TPS candidates by in planta assays
Terpene synthases were transiently co-expressed in N. benthamiana together with the suppressor of gene-silencing p19 (Baulcombe and Moln ar, 2004) , C. forskohlii enzymes 1-deoxy-dxylulose 5-phosphate synthase (CfDXS) and GGPP synthase (CfGGPPS), elevating the level of the substrate GGPP (AndersenRanberg et al., 2016) according to a previously established protocol . Six-eight days post-infiltration, metabolites of two leaf discs (3 cm diameter, 1 disc per leaf) were extracted in n-hexane and analyzed. As controls, p19, CfDXS and CfGGPPS (the latter omitted in sesqui-and mono-TPS assays) were co-expressed with and without individual candidate TwTPSs. The functionally characterized reference diTPSs ZmAN2 (Harris et al., 2005) , PpCPS/ EKS (Hayashi et al., 2006; Zhan et al., 2015) and CfTPS2 (Pateraki et al., 2014) were included for comparison.
Confirmation of biosynthetic products from selected diTPS combinations using in vitro assays
To confirm the biosynthetic products obtained in vivo, TPS combinations were tested in in vitro assays as previously described (Pateraki et al., 2014) individually in single or coupled in vitro assays and supplied with appropriate substrates. Reaction products were extracted in n-hexane with 1 mg L À1 1-eicosene as internal standard and stored at À18°C until analysis.
Analytical procedures
Analyses were performed on a Shimadzu GCMS-QP2010 Ultra with an Agilent HP-5MS column (for T. wilfordii tissues: 28 m 9 0.25 mm i.d., 0.25 lm film thickness; for assays: 20 m 9 0.18 mm i.d., 0.18 lm film thickness). The injection volume was 1 lL at 250°C (splitless mode), and the GC program was as follows: 50°C for 2 min, ramp at rate 4°C min À1 to 110°C, ramp at rate 8°C min À1 to 250°C, ramp at rate 10°C min À1 to 320°C, hold for 5 min (for T. wilfordii tissues), or 60°C for 1 min, ramp at rate 10°C min À1 to 180°C, ramp at rate 5°C min À1 to 220°C, ramp at rate 30°C min À1 to 320°C, hold for 3 min (for assays).
The monoterpene assay employed a headspace-SPME-GC-MS analysis (PDMS fiber; Sigma-Aldrich Denmark A/S, Copenhagen, Denmark, catalog no. 57341-U) of single leafs of N. benthamiana co-expressing individual TwTPSs, p19 and CfDXS, according to a previously established method (Andersen et al., 2015) . GCMS Solutions version 2.50 SU3 (Shimadzu Software Lab Solutions, Shimadzu Europe Ltd, Duisburg, Germany), AMDIS GC-MS Analysis Version 2.65 and the NIST Mass Spectral search program Version 2.0 g with the Wiley Registry 9th mass spectral library were used for analysis.
Triptolide was extracted from T. wilfordii inspired by the recently described procedure (Zerbe et al., 2013) and quantified by LC-MS. Metabolites present in finely powdered tissue were extracted in technical duplicates in 1 mL 80% (v/v) methanol, 0.1% (v/v) formic acid by incubation in a water bath with sonication for 20 min. The tissue was pelleted by centrifugation and supernatants filtered through 0.45-lm filters (Millipore MSHVN45) and stored in capped vials at À18°C before LC-MS analysis. Tissue was dried overnight at 80°C and dry weights were recorded. Samples were analyzed using an Agilent 1100 Series LC (Agilent Technologies, Waldbronn, Germany) coupled to a Bruker HCT-Ultra ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany). A Zorbax SB-C18 column (Agilent; 1.8 lm, 2.1 9 50 mm) was used with the following conditions: flow rate 0.2 mL min
À1
, oven temperature 35°C, mobile phases A, water with 0.1% (v/v) HCOOH and 50 lM NaCl; B, acetonitrile with 0.1% (v/ v) HCOOH. The gradient program was: 0-0.5 min, isocratic 6% B; 0.5-12.5 min, linear gradient 6-55% B; 12.5-13.1 min, linear gradient 55-95% B; 13.1-15.5 min isocratic 95% B; 15.60-20 min, isocratic 6% B. The flow rate was increased to 0.3 mL min À1 in the interval 15.2-17.5 min. The mass spectrometer was run in positive electrospray mode. Data were extracted using the Compass DataAnalysis 4.0 software (Bruker Daltonik GmbH, Bremen, Germany). Triptolide was identified in an extracted ion chromatogram {383.0 m/z (+0.8/À0.3), [M + Na + ]} by comparison of elution time and mass spectrum to an authentic standard (www.olchemim.cz). Quantification was based on biological triplicates each in technical duplicates, by comparison to a linear extrapolation (R 2 = 0.9996) of a response curve of the standard (0.2, 0.5, 1.0, 2.0 ppm) while correcting for a sensitivity drop of 0.5% per LC-MS run. All peak areas were within a factor of 0.4-1.1 of the standard range. 
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